Objective: This study evaluated the impact of daily ECG (electrocardiogram) selfrecordings on time to documented recurrent atrial fibrillation (AF) or atrial flutter (AFL) and time to treatment of recurrent arrhythmia in patients undergoing catheter radiofrequency ablation (RFA) or direct current cardioversion (DCCV) for AF/AFL.
| INTRODUCTION
Atrial fibrillation (AF) is the most common sustained arrhythmia encountered in clinical practice. 1, 2 AF that remains untreated is associated with an increased risk of stroke, [3] [4] [5] [6] myocardial infarction, 7, 8 heart failure exacerbations, 4, 9 and all-cause mortality. 4, 10, 11 The prevalence of AF will surge in the next decade due to an aging population that is living longer with a high burden of comorbid conditions that are associated with AF. 12, 13 Catheter radiofrequency ablation (RFA) is one form of therapy widely used in clinical practice to treat symptomatic AF, 2 but postprocedure recurrent AF occurs in 20% to 45% of patients. 14, 15 Direct current cardioversion (DCCV) interrupts AF and restores sinus rhythm, but has no durable effect.
Even when patients receive additional antiarrhythmic drug therapy to maintain sinus rhythm, about 40% to 60% of the patients have AF recurrence within 3 months and 60% to 80% within 1 year after DCCV. 16, 17 AF management and symptom identification is challenging for both patients and providers because symptoms that are commonly associated with AF such as fatigue, shortness of breath, and palpitations may also be associated with coexisting cardiovascular conditions such as heart failure. Many AF patients fail to recognize and distinguish symptoms associated with AF, which may hinder timely treatment and put the patient at risk for complications. 18 Additionally, AF can be missed through conventional monitoring approaches, such as 12-lead ECGs (electrocardiograms) and Holter studies, which only capture a finite period of time. 19, 20 Currently available mobile health tools that aim to promote earlier detection and treatment of AF and atrial flutter (AFL), adherence to cardiovascular regimens, and improvement in selfmanagement behaviors have not been systematically evaluated. The aim of this randomized, prospective study, iPhone Helping Evaluate Atrial fibrillation Rhythm through Technology (iHEART), was to evaluate the impact of frequent cardiac rhythm monitoring by selfrecordings on outcomes in post-RFA and -DCCV populations with at least one known risk factor for AF. We hypothesized that providing patients with a rhythm monitoring device immediately after RFA or DCCV would result in a shorter time from RFA or DDCV to discovery and treatment of AF or AFL recurrence.
| METHODS

| Recruitment and the informed consent process
Approval for this study by the Columbia University Medical Center Institutional Review Board was obtained before subject enrollment.
Subjects were recruited for the iHEART study from the cardiac electrophysiology clinics within the Division of Cardiology at Columbia University Medical Center in New York, NY, United States of America. These individuals were identified as potential study subjects by their health-care providers who obtained verbal approvals before the study team approached them. The research team discussed the study with them, allowed them to read the informed consent, and answered all questions. Patients who agreed to participate were asked to sign the consent form which was available in both English and Spanish. All patients were given a copy of their signed consent form for their personal records.
| Study subjects
The planned sample size for this study was 300 patients. A total of 262 consecutive patients undergoing either RFA or DCCV and meeting the inclusion criteria were randomized 1:1 using a blockedrandomization scheme to age-match patients in the control and intervention groups. Inclusion criteria were age 18 and older with a history of documented AF and at least one AF risk factor (sedentary lifestyle, obesity, hypertension, smoking, and diabetes). Patients also needed to express willingness to participate for the full 6-month duration of the trial and demonstrate an ability to use a smartphone, send and receive text messages, and successfully use the AliveCor KardiaMobile ECG monitor (AliveCor). Patients with a history of cognitive impairment and those unwilling to have their clinical data collected or receive text messages were excluded from the study.
A total of seven patients (six control and one intervention) did not undergo any procedure on the day of enrollment for various clinical reasons. These patients were not included in this study because the follow-up period started immediately postprocedure. Two patients were not randomized because they did not convert to sinus rhythm by DCCV, and five (one control and four intervention) withdrew from the study. Ten patients randomized to intervention were discharged without being set up to connect to the Kardia portal to enable ECG transmission and were also excluded. One hundred and fifteen intervention patients and 123 controls remained in the study (Figure 1 ).
| Procedures at enrollment
All DCCV procedures were carried out after a 12-hour fasting period, under brief anesthesia with propofol, using a synchronized 20-J DC biphasic shock. RFA procedures were carried out under general anesthesia using the same uniform protocol by all operators participating in the study. Radiofrequency energy was used for all catheter ablation procedures, and approach for all RFA procedures was wide antral ablation to achieve electrical isolation of all pulmonary veins, verified by entry and exit block.
| Device training
Patients randomized to the iHEART intervention received an iPhone and cellular service plan with unlimited data/text messaging, and the AliveCor KardiaMobile ECG monitor for 6 months. 21 If they already owned a smartphone compatible with the KardiaMobile device, they had the option to use the KardiaMobile device with their own phone. Patients also received motivational text messages three times per week relating to management of AF and risk factors (eg, obesity, sedentary lifestyle), for example, "Limit sugary drinks to no more than 36 oz a week." Patients were trained on how to use the phone; how to use the Kardia application, 
| Data collection and outcomes
In addition to the transmitted KardiaMobile recordings, data were collected through a review of patients' electronic health records (EHR).
The study protocol did not include additional monitoring for the control group. When follow-up data were not available, the study coordinators reached out to patients or their cardiologists for additional information, including AF/AFL recurrence and dates of treatment. All analyses were intention-to-treat. Data were analyzed to determine the time from enrollment to first documentation of recurrent atrial arrhythmia, time from enrollment to first treatment for atrial arrhythmia, and time from documentation to treatment. Recurrence was defined as one of the following: a KardiaMobile rhythm strip showing AF/AFL as determined by a physician, an ECG in the EHR displaying an AF/AFL confirmed by a physician, or a note in the EHR from a physician stating that the patient had a recurrent AF/AFL. Patient reports of symptoms were not counted as recurrence unless confirmed by the patient's physician or with an ECG.
Postenrollment treatment was defined as any of the following:
repeat RFA after first ablation, RFA scheduled after DCCV, DCCV for AF/AFL not already scheduled at the time of enrollment, or addition of an antiarrhythmic medication not used prior to the time of recurrent arrhythmia. Addition of an AV nodal agent for rate control, changes in dose of existing rhythm control medication, and treatments that were already scheduled before the original procedure, such as future catheter ablations planned for cardioversion patients, were not considered to be new treatments.
Recurrence during the first month after ablation is referred to as "early recurrence", and any recurrence after the first month was considered to be "late recurrence". In a secondary analysis, for patients undergoing RFA, data were analyzed both from the time of randomization to 6 months after randomization and also from the end of the first month to 6 months after randomization.
| Statistical analysis
All demographic and clinical data with the exception of age are reported as frequencies and percentages; age is reported as mean and standard deviation. The Fisher exact test was used to assess differences in clinical characteristics, medications, and procedures between those in the intervention group and the control group. Kaplan-Meier curves were created for recurrence detection in the intervention and control groups over the 6-month follow-up period. Differences in time to recurrence between groups were assessed using a Cox proportional hazards model.
Baseline variables that differed significantly between groups were included as covariates in the analysis and covariate adjusted Kaplan-Meier curves were constructed. 22 Kaplan-Meier curves were also created for assessing time to treatment for intervention and control groups. Time to treatment was defined as the time interval from detection of a recurrent arrhythmia to treatment for that arrhythmia. The study was designed to have 80% power to detect a hazard ratio of 2 for recurrence detection (α = .05). Analyses were performed using SAS 9.4 (SAS Institute, Cary, NC). A critical P value of .05 was used for significance in all analyses.
| RESULTS
The clinical characteristics of the AliveCor intervention group and the control group are shown in Table 1 . There were no significant differences between the groups with the exception of the procedure at enrollment. The procedure at time of enrollment (RFA or DCCV) 
| DISCUSSION
As hypothesized, time to documentation of recurrence from enrollment was shorter for the intervention group compared to the control group. This was true mostly for early recurrences, and especially for patients with persistent AF; after the first month there was no significant difference in time to detection of new recurrence.
Difference in time to documentation likely represents a difference in time from initiation of the arrhythmia to documentation of the arrhythmia, as there is no reason to expect any difference in actual time to recurrence between the two groups. Nonetheless, early recurrence was a strong predictor of later recurrence.
The second part of our hypothesis, that the intervention group would be treated more quickly than the control group, was not confirmed; the control group had a shorter time from documentation of a recurrence to treatment. There are several potential explanations for this finding. For many control patients, the first documentation of an arrhythmia was when they came in for treatment. A patient coming in for a DCCV after experiencing symptoms would not have documentation of the arrhythmia until they arrived for the procedure. Arrhythmias that would have gone unnoticed in asymptomatic patients were more likely to be documented for intervention patients. Patients with short AF recurrences that spontaneously converted back to sinus rhythm are more likely to be documented in the intervention group, yet physicians are less likely to proceed to immediate treatment for early paroxysmal recurrences during the first month. Patients who spontaneously converted to sinus after a short recurrence, but later had an episode of AF requiring treatment, would be documented earlier in the intervention group than the control group. This may also contribute to a greater detection to treatment time in the intervention group. Another potential factor may be the higher rate of DCCV patients in the control group. Patients are more likely to receive a second treatment sooner after DCCV because DCCV is not a long-term treatment for AF, and physicians may wait several months after RFA to see if arrhythmias resolve before proposing further treatment.
In a secondary analysis for patients who underwent RFA procedures at enrollment, early and late recurrences were differentiated to account for arrhythmias that take place during the healing process as a result of inflammation and edema, which usually resolve within a few weeks. 23 While detection of recurrence in the intervention group was greater after the first month, too few patients had recurrences during the latter 5 months for the F I G U R E 3 Kaplan-Meier curves adjusted for the procedure at enrollment of time from enrollment to first detection of recurrent AF/AFL for control and intervention groups. Recurrent arrhythmias were detected earlier in the intervention group. The P value shown is for control vs intervention after adjusting for procedure at enrollment (RFA or DCCV). 95% CI, 95% confidence interval; AF, atrial fibrillation; AFL, atrial flutter; DCCV, direct current cardioversion; RFA, radiofrequency ablation differences to be significant. The Heart Rhythm Society, the European Heart Rhythm Association, and the European Cardiac Arrhythmia Society recommend a 3-month blanking period, 24 but there is debate on the usefulness of blanking periods, 25 as recurrence within the first month is a strong predictor of later recurrence. Early reablation has been shown to improve long-term freedom from AF. 23, 26, 27 In agreement with other studies, 28 we found that early recurrence was a strong predictor for recurrence during the later months. 23 Mobile heart monitor devices may be useful not only for their positive predictive value but also for their ability to eliminate false positives. In this study, we were not able to assess how many patients believed they were in AF, but discovered that they were in sinus rhythm using the device. Similarly, we do not know how many patients scheduled a cardioversion only to spontaneously convert to sinus, discovered it using the device, and avoided an unnecessary trip to the hospital. Nonetheless, the limited-symptom data we were able to collect indicates that some patients experience symptoms they associate with AF while in sinus rhythm. These symptoms may be attributable to comorbidities (eg, shortness of breath is a symptom of both AF and heart failure). The true benefit to the patient may be greater than our results indicate as a result of the negative predictive value of the device.
Randomized trials comparing mobile ECG devices to standard of care have not been performed in an AF population after treatment.
Other studies have found that mobile health technologies have varying degrees of usefulness for diagnosing and monitoring AF. 29 The Apple Heart study found that continuous monitoring of the general population using Apple Watch tachygram analysis was 34% effective at diagnosing AF, and 86% accurate at identifying AF in patients wearing a remote monitor, but did not investigate how many patients had AF that was not picked up by the watch. The REHEARSE-AF study found that in a population without an AF diagnosis, patients using the AliveCor KardiaMobile Monitor had a higher rate of AF diagnosis than control (hazard ratio, 3.9). 30 As one would expect, our hazard ratio was lower because a population of patients already being treated for AF will be seen for follow-up visits, increasing the likelihood of AF discovery in the control group. 
| Limitations
A major limitation involved the accuracy of the time to documentation for the control patients, where we were limited to using their EHR to determine first recurrence. Patients whose AF was documented by doctors outside our network might have gone undetected in our study, despite suffering a recurrent arrhythmia.
Time to recurrence was more accurately documented for the intervention patients than for the control patients for obvious reasons. Also, many control patients did not have a documentation of the arrhythmia until they came in for treatment, resulting in an artificially shorter time between discovery and treatment. The greater proportion of control patients who underwent DCCV also introduces bias. Because we did not reach the intended sample size, the statistical power of the study was reduced. This study was also limited by the short duration of the follow-up period. Even though this investigation was randomized and prospective, it has the recognized limitations of a single-center study. There may be selection bias, especially for the subgroup chosen by their physicians to undergo catheter ablation therapy. Therefore, there should be caution in generalizing our findings to all patients with atrial fibrillation, as results may differ in other patient populations.
| CONCLUSION
In this study, we have provided evidence supporting the hypothesis that when AF patients are compliant with daily use of home ECG 
